Background: The purpose of this study was to determine whether DTI changes in the brain induced by a thoracic spinal cord injury are sensitive to varying severity of spinal contusion in rats. Methods: A control, mild, moderate, or severe contusion injury was administered over the eighth thoracic vertebral level in 32 Sprague-Dawley rats. At 11 weeks postinjury, ex vivo DTI of the brain was performed on a 9.4T Bruker scanner using a pulsed gradient spin-echo sequence. Results: Mean water diffusion in the internal capsule regions of the brain and pyramid locations of the brainstem were correlated with motor function (r 2 = 0.55). Additionally, there were significant differences between injury severity groups for mean diffusivity and fractional anisotropy at regions associated with the corticospinal tract (P = 0.05).
Monitoring changes in brain structure after spinal cord injury (SCI) could provide important insight into brain reorganization associated with the injury. A useful technique for monitoring brain structure is magnetic resonance diffusion tensor imaging (DTI). DTI parameters reflect spatial patterns of water diffusion and are impacted by membrane barriers associated with cellular structure of the nervous system. 1, 2 Changes in DTI parameters of the brain after spinal injury are expected because Wallerian degeneration of spinal tracts, changes in synaptic connections and cellular reactions associated with a spinal injury are expected to alter cellular structure in the brain. In fact, DTI changes have been documented in the brain after spinal cord injury in both rats and humans, with significant differences occurring in the thalamus, corticospinal tract, primary somatosensory cortex, corona radiate, and internal capsule regions. [3] [4] [5] [6] Although SCI produces changes in brain diffusion metrics, the effects of specific characteristics of the spinal injury on brain DTI are unknown. The purpose of the current study was to determine whether DTI changes in the brain are sensitive to severity of spinal injury. Specifically, a chronic contusion injury in rats, with ex vivo brain DTI brain imaging was used to test Briefly, rats were observed for 3 min on a flat, 1 m diameter surface. BBB scoring was determined by two independently blinded observers, where 0 is flaccid paralysis and 21 is normal gait.
Ex Vivo MRI Protocol
Specimen brains were excised 11 weeks after injury and prepared for ex vivo imaging. The 11 week time point was selected to coincide with a prior study examining DTI parameter changes throughout the spinal cord. 8 Animals were euthanized with an IP injection of sodium pentobarbital (100 mg/kg body weight) and perfused through the heart with 300 mL of saline buffer followed by 600 mL of 10% formalin. The brains were excised and postfixed in a 10% formalin solution until the day of scanning. The brains were immersed in a susceptibility-matching fluid (Fomblin; Solvay Solexis, Inc, West Deptford, NJ) and placed in an inductively coupled 20 mm diameter loop gap radiofrequency coil. Specimens were positioned in a 9.4T Bruker BioSpec 94/30 USR Spectroscopy Imaging System (Bruker BioSpin; Billerica, MA). A multi-echo (eight echos) spin-echo sequence was used to acquire 12 diffusion weighted images (DWIs) with a bvalue of 2000 s/mm 2 and two images with a b-value of 0 s/mm 2 . A bvalue of 2000 s/mm 2 was used for high diffusion contrast. An echo time (TE) of 25 ms and a repetition time (TR) of 3000 ms was used when acquiring scans that had a field of view (FOV) size of 20 mm by 20 mm, acquisition matrix of 128 × 128, and 0.75-mm-thick slices that were contiguously arranged for 30 slices.
DTI Analysis
Diffusion MRI data were imported into the Analysis of Functional NeuroImages software package (AFNI; available at http://afni.nimh.nih.gov/) and co-registered using an iterative least squares fit to the T2-weighted images to correct for eddy-current and susceptibility distortions. There were no slices that were visually affected by eddy-current distortions. Following distortion correction, the resulting matrix volume data were registered to a reference control following the deformable registration approach for tensor-based registration within DTI-ToolKit (DTI-TK) by Zhang et al. 9 The DTI-TK algorithms use a Gaussian smoothing kernel during registration accessed by following the link in the citation at the bottom of the page.
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The resulting groups were as follows: Control (n = 8), Severe, (n = 8), Moderate (n = 8), and Mild (n = 8). Eight samples were removed from the study because they exhibited one to two slices that were affected by movement or poor scanning quality. A voxel-wise statistical analysis was completed for both FA and MD diffusion volumes. Manual region of interest (ROI) drawings were also completed before deformable registration of the internal capsule (IC) in the brain as well as corticospinal tract locations in the brainstem for FA, MD, LD, and RD. This was completed to verify that registration differences between specimens did not influence the results. The voxel wise analysis of the brainstem was conducted to determine whether differences would localize to spinal tracts and to verify that results were not limited to cortical and subcortical areas.
Immunohistochemistry
Immunohistochemistry was conducted on two samples from each group to visualize and verify histological changes in the brain that have been reported in literature. 3, 10, 11 Using an anatomical rat brain atlas, we cut the brain to include two regions of interest: internal capsule and medullary pyramids. Tissue was embedded with paraffin and cut into 20-micron sections using a microtome. Histological sections that matched regions of interest on DTI maps were deparaffinized and rehydrated. Antigen retrieval was performed by microwave heating the slides for 5 min in sodium citrate buffer. Sections were then blocked with blocking buffer (SuperBlock, Thermoscientific, Rockford, IL) for 5 min and incubated overnight with primary antibodies against glial fibrillary acidic protein (1:250, monoclonal GFAP, MAB360, Millipore, Billerica, MA). After washing with 1× PBS, sections were incubated with goat anti-mouse conjugated Texas Red antibodies (1:250, monoclonal, Jackson ImmunoResearch, West Grove, PA) for 30 min. The sections were then washed, incubated with nuclear stain, DAPI (4′,6-diamidine-2-phenylidoledihydrochloride; 1:500, Sigma-Aldrich, St. Louis, MO) for 10 min and washed again. Finally, Sudan Black stain was added for 1 min to reduce auto-fluorescence. The slides were washed and coverslipped with FluorSave (EMD Millipore Corp., Billerica, MA). Fluorescent images of the internal capsule and medullary pyramids were acquired at 20× magnification using a Nikon Eclipse E600 microscope with Nikon NIS-Elements 4.0 software (Nikon Instruments Inc., Melville, NY).
Luxol Fast Blue
Sections were stained with Luxol fast blue using the method described by Kluver and Barrera. 12 Cresyl violet counterstaining was not performed. Representative images were acquired using an inverted Nikon TE2000-U microscope equipped with a color digital camera at 20× (Nikon Instruments Inc.).
Statistical Analysis
Statistical analysis was carried out using AFNI and the Statistical Package for Social Sciences (SPSS version 13.0; SPSS Inc., Chicago, IL). The distribution of the data was explored using a Shapiro-Wilks test for normality. A one-way analysis of variance (ANOVA) was performed on the DTI images on a voxel by voxel basis to observe statistical variations across groups (fixed factor: injury group; random factor: specimen). To prevent higher frequency components of the images from being recognized as significantly changed clusters, 13 AFNI was used to estimate how spatially smooth the data were. Cluster size was set from this estimation. AFNI's implementation of the false discovery rate algorithm was used to threshold the voxel-wise statistics. Cluster threshold was completed for F > 4. 35 and F > 8. 45 . After smoothness estimations and statistical analysis thresholding, it was determined that significant clusters needed to connect more than 100 voxels.
A student's t-test was also completed comparing each severity group and P < 0.05 was considered to be statistically significant. Mean diffusion values were overlaid onto voxels that were found to be significantly different. For each comparison, the number of voxels that were significant was compared with regions of slice that were not significant. Slices showing significant differences between severity group and control group were overlaid on top of atlas maps, 14 and the number of significant voxels that were located in either the pyramids or the internal capsule was compared with the total number of voxels contained in those specific structures. This was completed to determine volume of significant differences found in those structures for each severity group. For this procedure, a basic rigid-registration was done in Matlab, and comparisons were made for mildly, moderatey, and severely injured rats using Image J 1.46r (National Institutes of Health, Bethesda, MD). A correlation between injury group and BBB score was also conducted using the Spearman correlation on a voxel-by-voxel basis and thresholded for r 2 > 0.55. An r 2 value of 0.55 was chosen for the threshold for a "large" correlation as outlined by Cohen in 1988. 15 Correlation coefficients at each voxel location were correlated with combined right and left hindlimb scores for each rat.
Results

Functional Motor Assessment
Hindlimb motor scores, collected at 1 day postinjury and 10 weeks postinjury, are shown in Table 1 . These values were within their expected ranges for the targeted injury severity. 7
Diffusion Tensor Imaging of the Brain
Differences in MD and FA between injury groups were observed in localized regions of the brain. Figure 1 shows the slice locations used for the diffusion tensor imaging results from the rat brain and brainstem. A typical RGB map of a coronal section for a control brain at the level 3.0 mm posterior to the bregma is shown in Figure 2a . A one-way ANOVA revealed significant differences in injury severity groups for the MD and FA at regions consistent with the internal accessed by following the link in the citation at the bottom of the page. Comparisons between injury groups and controls indicated significant localized differences in DTI parameters. T-test comparisons of MD and FA between the control brain and the mild, moderate, and severe brains are shown in Figures 3 and 4 . In general, the internal capsule regions of the brain demonstrated significant voxel clusters (P = 0.039) in all three SCI groups. The measured FA values in regions corresponding to the internal capsule also showed significant bilateral changes for the injured groups compared with the control (P = 0.042).
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Our correlation analysis indicated that DTI parameters from specific regions of the brain were correlated with BBB scores. Rat MD voxels with a threshold correlation above r 2 = 0.55 (P = 0.014) are highlighted in Figure 2d ; these highlighted voxels were localized to regions of the internal capsule in the midbrain as well as regions extending out into the cortex (Fig. 2d ). The correlation between FA and BBB did not result in large clusters around the internal capsule at the r 2 = 0.55 level; however, clusters were visible at r 2 > 0.40 (not shown). Although monotonic, the data were nonnormal (P = 0.044). In general, when comparing correlation levels, MD still provided reasonable assessment at r 2 < 0.82, while FA, RD, and LD appeared to provide reasonable assessment values at r 2 < 0.60, r 2 < 0.63, and r 2 < 0.75, respectively.
Diffusion Tensor Imaging of the Brainstem
Differences in DTI parameters were also observed in localized regions of the brainstem. The mean diffusivity and fractional anisotropy t-maps indicated significant differences between the control group and the injury groups at regions localized to the corticospinal tract, as demonstrated by the color labeled voxels, representing P < 0.05, in 
Changes in DTI Parameters of the Brain With SCI
The MD of targeted regions of the brain differed between injury and controls. The relative area of significant difference in MD is shown in Figure 7a for the brain and brainstem slices used in the study. The relative area of significant difference varied by injury severity in both the brain and brainstem. Mild injuries resulted in significant differences (P < 0.05) in 9.11% of the brain when compared with the control group. Moderate and severe rats demonstrated an average area of significant difference in MD of 18.28% and 27.79% of the brain. Average percent area of significant differences for mild, moderate, and severe rats in the brainstem was 3.98%, 9.00%, and 23.13%, respectively. Similarly, the percent area that was significantly different from controls within the internal capsule or corticospinal tract also increased with increasing severity of injury ( Fig. 7b ). Rats that received a mild injury had significant differences (P < 0.05) in MD in 76.65% of the internal capsule when compared with controls.
Moderately and severely injured rats demonstrated significantly different (P < 0.05) areas of 89.88% and 96.07% of the internal capsule compared with the control group. The brainstem spinal tract areas for mild, moderate, and severe groups demonstrated an average percent difference of 50.03%, 67.42%, and 84.75% when compared with the control group.
The differences between severity groups for MD and FA, as well as radial (RD) and axial diffusivities (LD), are demonstrated in Figure  8 . MD in the control was significantly greater than the mild (P = 0.039), moderate (P = 0.035), and severe (P = 0.002) internal capsule regions in the brain and corticospinal tract region in the brainstem (P = 0.046, P = 0.045, and P = 0.009, respectively). FA of the control brain was significantly lower than the mild, moderate, and severe brains (P = 0.035, 0.040, and P = 0.0007, respectively) but not of the corticospinal tract in the brainstem regions. RD of the control brain was significantly higher than the mild, moderate, and severe brains (P = 0.041, P = 0.043, P = 0.022), and LD of the control brain was significantly higher than the mild, moderate, and severe brains (P = 0.040, P = 0.038, P = 0.037). The variability in the brainstem for RD and LD was high and while the control brainstems had higher values, the differences were not significant (P > 0.05). accessed by following the link in the citation at the bottom of the page.
Journal of Magnetic Resonance Imaging, Vol 43, No. 1 (January 2016): pg. 63-74. DOI. This article is © Wiley and permission has been granted for this version to appear in e-Publications@Marquette. Wiley does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Wiley.
10
Manual Region of Interest Analysis
The manual ROI analysis confirmed the voxel-wise results. Manual ROIs of the internal capsule and the corticospinal tract in the brainstem were completed before group registration. The MD of the internal capsule regions of the control group was 1.131 × 10 −3 mm 2 /s, consistent with the voxel-wise statistical results. The MD values for the internal capsule regions of the injured groups were 1.090 × 10 −3 mm 2 /s, 1.074 × 10 −3 mm 2 /s, and 1.076 × 10 −3 mm 2 /s for mildly, moderately, and severely injured spinal cords. There was also an increasing trend in FA, as injury severity increased, that matched the voxel-wise statistical analysis. The control group's average FA was 0.304 while the mild, moderate, and severe groups were 0.348, 0.352, and 0.395, respectively. MD and FA ROIs that encompassed the entire control brain were not significantly different than the severity groups (P > 0.05).
Immunohistochemistry
Immunohistochemistry indicated changes in brain histology consistent with prior descriptions following chronic SCI. 3, 10, 11, 16 Overall, LFB staining intensity was lower ( Fig. 9 ) and GFAP was more prevalent (Fig. 10 ) in injured animals. Furthermore, LFB staining intensity of the internal capsule and pyramidal tracts decreased as severity increased while GFAP depicted a larger response in astrocytic immunoreactivity with respect to injury severity (Figs. 9 and 10, respectively). Of particular note, severely injured animals expressed more GFAP compared with the control brain in the internal capsule region. Mild and moderate GFAP expression was not as drastic as the severe rats for the pyramidal tracts and internal capsule.
Discussion
The results from this study indicate that diffusion tensor imaging in the brain is sensitive to the extent of functional recovery following a spinal cord injury. Our results indicated significant changes in diffusion throughout the brain in injured rats compared with controls, but with greater changes localized to the internal capsule and spinal tracts of the brainstem. The number of significantly changed voxel groups depended on injury severity, and were correlated with the BBB functional scale. In general, this study documented changes in diffusivity that extended from the spinal cord, through the brainstem and into the brain. Diffusion indices were correlated with a decrease in motor function associated with injury severity.
Recently, other groups have documented changes in DTI parameters in brain structure following SCI. Changes in DTI parameters appear to reflect the tissue microstructural changes that occur after SCI; however, there have been some inconsistencies in the measurements. For example, both Ramu et al and Freund et al report unilateral changes in DTI parameters in the internal capsule region when bilateral differences would be expected, because subjects demonstrated diminished functional outcome for both the left and right limbs. 3, 6 Thus, while there is an opportunity to use DTI to assess brain structural changes following SCI, an improved understanding of the changes in brain DTI associated with spinal injury is still needed.
Changes in DTI parameters of the brain after spinal injury are likely due to degeneration of spinal tracts and connected brain regions. The degeneration of spinal white matter tracts extend well beyond the injury zone for up to 1 year after SCI. 19 Recently, we have found that there are systemic changes in DTI parameters that occur along the entire length of the spinal cord following an SCI, 20 and that DTI parameter changes correlate to severity of injury up to 10 weeks. 8 Ten weeks has also been used as a time point by other groups. 18, 21 At 10 weeks, the initial acute and inflammatory responses have passed; however, inflammatory cells have been found at locations away from the injury site [22] [23] [24] [25] into regions as far from the injury as the brain. 26 These changes appear to accompany the progression of axonal degeneration and likely reflect the underlying structural changes in tissue associated with the histopathological processes that occur after SCI. It is possible that Wallerian degeneration alters membrane structures of the brain and that relative changes in intracellular and extracellular water compartments associated with edema may contribute to changes in diffusion. 8 Our study demonstrated a decrease in the diffusion of water in regions of the brainstem associated with the corticospinal tract along with a corresponding increase in the fractional anisotropy. These observations are consistent with an extension of diffusivity changes from the spinal cord into the white matter tracts of the brainstem and brain. We have previously observed decreases in MD in the cervical spinal cord of thoracic injured rats. 20 These data from the rat spinal cord are consistent with observed decreases in MD of the high cervical spinal cord in humans with chronic injuries to lower spinal segments. 27 In the current study, changes in MD and FA at the brainstem level were largely localized to the spinal tract regions, suggesting that diffusivity changes in the brainstem might be linked to degenerating spinal tracts. This localized response in the brain stem differs slightly from observations in the cervical spinal cord in which the entire crosssection of the spinal cord is involved. 8 The percentage of the localized areas that demonstrated significant differences was substantially higher in the internal capsule and corticospinal tract than in the surrounding areas, consistent with a localization of changes to these regions. These differences might be related to differences in the relative portion of tissues within the spinal cord, in which degenerating tracts likely impact most of the spinal cord, compared with brain, which would involve a relatively smaller percentage of tissue.
The localization of changes to spinal tracts within the brainstem suggests that the mechanisms underlying MD decreases in the spinal cord might be related to degenerative processes, rather than a systemic effect throughout the entire central nervous system. Furthermore, the dependence on the severity of injury could reflect a difference in the number of degenerating tracts. RD and LD were calculated to differentiate potential demyelinating and axonal degeneration processes, respectively. Decreases in LD have been associated with axonal degeneration, [28] [29] [30] with an asymmetry in rostral caudal directions that is consistent with Wallerian degeneration. 28, 31 The decrease in LD in the brainstem and internal capsule in the current study is consistent with axonal degeneration, but follow-up studies with neurofilament staining are needed to confirm extension of axonal degeneration into the brain. RD decreased in the current study, suggesting that either there was not significant demyelination (indicated by an increase in RD) 32, 33 or that another histopathological mechanism had an impact on water diffusion. The decrease in RD could be interpreted to indicate that an increase in cellularity associated with axonal degeneration had occurred, which would accessed by following the link in the citation at the bottom of the page. 
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decrease overall diffusivity and mask an increase in RD associated with demyelination.
The diffusion changes were not limited to just the brainstem, but extended further into the brain as well. We observed a difference between groups for both MD and FA in the internal capsule. These results for MD and FA suggest a possible degeneration of spinal tracts through the brain. The changes in diffusion are similar to the decrease in diffusion that occurs during axonal degeneration in the sea lamprey. 34 Degeneration of neural structures has also been associated with changes in diffusion throughout the spinal cord. 8 In previous studies, we have reported changes in diffusion within the cervical spinal cord that differ from diffusion in the thoracic injury zone. In the cervical spinal cord, after a T8 injury in rats, we consistently see a reduced MD. 8 Changes remote from injury suggest an increase in cellularity, possibly due to glial proliferation or other pathological process that results in a decrease in MD. The relative localization to the internal capsule is consistent with an overall degradation of corticospinal tracts. Mean diffusivity had the strongest correlation to injury severity; however, each diffusion index may provide unique information into the physiological changes that occur and MD should not be solely relied upon for indication of injury severity.
We observed significant bilateral findings in the internal capsule region of the brain. Others have documented diffusion changes in the internal capsule of the brain following SCI 3, 6 ; however, both research groups documented significant unilateral changes in diffusion. The changes reported by both groups differed; Ramu et al. demonstrated an increase in FA (similar to our findings) 3 where Freund et al reported a decrease in FA. 6 While the findings of Freund et al contrast with the current study, it is important to note there could be physiological differences associated with type (complex fracture versus controlled contusion) and time of injury (10 weeks versus multiple years), structural differences due to the injury being in the cervical cord, and differences in species (humans versus rodents). The corticospinal tract descends through both left and right hemispheres into the spinal cord and an injury to the spinal cord that produces sensorimotor dysfunction for all body parts below the lesion would be expected to impact both the left and right internal capsule regions. Sample size may have limited detection of significant bilateral changes in previous accessed by following the link in the citation at the bottom of the page. 14 studies. Sample size may also be attributed to the diffusion metrics for the severe group not always being in line with the other group severity levels, as seen in Figure 8 . It is important to note that the variation sample groups is high and increasing the sample population could minimize variation and improve the trend in diffusion values as severity increases.
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The magnitude of the decrease in mean diffusion in the internal capsule region was correlated with the loss in hindlimb motor function, measured by the BBB scale. Previously our lab has found MD to decrease in the spinal cord in regions extending rostral and caudal to the injury. 35 We have also found that the decrease of mean diffusivity in the cervical segments of the spinal cord correlates to severity of a thoracic injury. 8 Because more severe injuries involve greater numbers of axons, the association of diffusion changes with severity of injury is likely caused by histological changes associated with axon degeneration and/or demyelination.
Injury to one region of the central nervous system results in degeneration of white matter tracts that produce histological changes distant from the injury site itself. 35 The degeneration from a thoracic spinal cord injury elicits tissue structural changes in the cervical dorsal columns, [36] [37] [38] [39] [40] that extend into the brainstem. 41 The resulting demyelination and astrocytic response that progresses away from the injury site is localized to the damaged tracts, 42, 43 which would reasonably be associated with the localized path of the corticospinal tract that extends through the pyramids in the brainstem and progresses from the internal capsule region of the brain. 16 Similar changes occur in the opposite direction; cytotoxic inflammation resulting from damage to the motor cortex extends down through the spinal cord in connected axons. 25 Additional tissue structural changes occur as the system recovers. Following a thoracic lesion in the rat, sprouting of descending fibers from the midbrain occurs. 44 These results suggest that damage to one location with the CNS can produce histological changes throughout the white matter tracts of the brain and spinal cord. Diffusivity measurements are sensitive to microstructural changes that occur following CNS damage 2 ; thus, it appears that degenerative tissue changes produce the decrease in MD and increase in FA observed in the brainstem and internal capsule in the current study. accessed by following the link in the citation at the bottom of the page. 
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Previously documented histological changes in in the brain following SCI were confirmed in the current study. 3, 10, 11, 16 Furthermore, our results indicated a progressive reduction in myelin in the internal capsule as severity of injury increased, based on Luxol fast blue staining. GFAP showed a similar trend with increases in the GFAP expression as injury severity increased. The association of myelin and GFAP with severity of injury was consistent with the correlation between DTI parameters and injury severity. Thus, changes in MD and FA appear to be associated with the decrease in myelin and an increase in astrocytes for the internal capsule region in the brain and the corticospinal tract regions of the brainstem. These results are consistent with the increase in GFAP and lower percentage of myelin basic protein in the internal capsule that have previously been reported to be associated with changes in FA. 3 Changes in diffusion parameters throughout the brain, including gray matter regions, suggest that the tissue structural changes extend beyond spinal tracts. The changes observed in the gray and white matter were similar, which is consistent with observations of diffusion changes in spinal cord gray and white matter in regions of the remote from the injury site. 8 There have been a limited number of studies that have reported diffusion characteristics in gray matter; however, changes in gray matter diffusion might also be associated with astrocytic activity in response to Wallerian degeneration. 35, 40, 45 The high variability of the diffusivity measurements in the brainstem makes it difficult to compare regional differences in the rostrocaudal direction. However, diffusion measurements observed in the brain and spinal cord (in a previous study 8 ) allude to less of a decrease in mean diffusivity at more remote locations away from the lesion site. The voxel-based analysis for the t-map comparisons provided a clear representation of the rostrocaudal changes observed in the severity groups. These results suggest that our registration technique allowed for voxel-based analysis, which provided more accurate, less subjective results.
While animal models provide for a more controlled injury and examination of the structural changes that follow, differences in anatomy, pathology, and function could potentially provide different results when the results are translated into a clinical setting. While accessed by following the link in the citation at the bottom of the page. 
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studies suggest decreases in MD remote from injury occur following injury for both human and rats, 20, 27 changes in the brain following spinal cord injury could differ in the human and rat populations. 3, 46 In our study, longer scan times were used to acquire images due to the ex vivo design of the scan study. Although the diffusion metrics resulted in significant changes with respect to injury severity, a thorough investigation with short tolerable scan times in human patients with SCI would better characterize the capabilities of DTI.
Another possible concern for the ex vivo acquired data may be due to the use of formalin-fixed tissue. Sun et al demonstrated similar diffusion rates between live and formalin-fixed mouse brains, 47 Ellingson et al demonstrated similar diffusion values for formalin-fixed spinal cords and neurologically intact spinal cords when compared with numerous studies. 20 However, formalin fixation may still alter water diffusion by reducing the diffusion coefficient magnitude but maintaining anisotropy consistent with in vivo measurements. 20 Formalin-fixed tissue may also affect immunohistochemistry. Prolonged time between tissue fixation and chemical staining may have generated a lower concentration of the anti-body stain adhering to the tissue, thus producing a false negative response. 49 An improved understanding of the pathophysiological underpinnings of changes in brain DTI after a spinal injury might be obtained from a more detailed histological study. In particular, histological analyses characterizing Wallerian degeneration within the brain following a spinal injury would be particularly interesting. While localization of DTI changes to descending and ascending spinal systems in the current study suggests a localized response, the extent of demyelination, degeneration, and glial proliferation within the brain tracts, similar to analyses near the spinal injury zone would be informative. 28, 31 In particular, a histological analysis would provide insight into the cause of the increase in FA, and decrease in RD observed in this study. The histological analysis could also have implications in the rehabilitation of movement after spinal cord injury and could reflect neural plasticity of brain structures in response to spinal injury.
Further insight into the timecourse of morphological and histopathological changes that take place in the brain following a spinal injury could be obtained from extended in vivo longitudinal DTI measurements in the brain after spinal injury. In vivo scanning of the spinal cord over several weeks in rats and mice, coupled with histological analyses, has provided insight into the histological correlates of DTI changes near the injury site. 28, 31 Similarly, scanning the brain at multiple time points could help to determine when diffusion changes in the brain begin and how the demyelinating/degenerating processes in the brain progress after injury. In particular, the time point at which changes in diffusion of the brain occur would provide insight into the secondary injury processes underlying DTI changes in the brain, and might provide insight into interventions aimed at arresting secondary injury, and plasticity of supraspinal neural systems.
In addition to providing measurements at multiple time points, in vivo scanning would provide a more accurate indicator of water diffusion in physiologic conditions. In vivo measurements were originally collected but were not included in this study because the signal to noise ratio (SNR) was too low. The increased time in the ex vivo scans provided higher quality images. Differences in water diffusion between in vivo and ex vivo diffusion images have been documented, 50 with similar results for changes in RD, but less reliable similarities in LD. Although we obtained high resolution images using long scan times by scanning ex vivo, imaging in vivo might provide an imaging model that is more consistent with spinal cord pathophysiology.
In conclusion, we have demonstrated that a traumatic SCI results in diffusion sensitive structural modifications in the brain that are dependent on the severity of injury. Through voxel-based statistical analysis and manually selected ROIs, our results indicated that DTI of the brain is sensitive to varying injury severity following SCI. Diffusion of water in regions associated with tracts that descend into or ascend from the spinal cord was associated with severity of injury. Histological analyses confirmed structural changes in the internal capsule and regions of the corticospinal tract. Results from this study support the hypothesis that DTI of the rat brain is a noninvasive medical imaging technique that is sensitive to injury severity occurring in the spinal cord. Colorized voxels indicate significant differences in variance between the severity groups occurred for mean diffusivity (P < 0.05). The associated color index at each significant voxel depicts average MD value for the mildly (b), moderately (c), and severely (d) groups. Underlay for the images is the Mean Diffusivity of each specimen from the sham group overlaid onto each other.
Figure 4.
Average fractional anisotropy (FA) for the sham group (a) and the differences (t-maps) between the sham brain and the brains from the mildly (b), moderately (c), and severely (d) injured rats. Sections were taken roughly 3.0 mm posterior to the bregma. Voxels that contain color represent locations where significant differences in variance between the severity groups occurred for fractional anisotropy (P < 0.05). Color index at each significant voxel depicts average FA value for the mild (b), moderate (c), and severe (d) groups. Underlay for the images is the fractional anisotropy of each specimen from the sham group overlaid onto each other. Figure 6 . Average fractional anisotropy (FA) for the sham group (a) and the differences (t-maps) between the sham brainstem and the brainstems from the mildly (b), moderately (c), and severely (d) injured rats. Sections were taken roughly 14.0 mm posterior to the bregma. Voxels that contain color represent locations where significant differences in variance between the severity groups occurred for fractional anisotropy (P < 0.05). Color index at each significant voxel depicts average FA value for the mild (b), moderate (c), and severe (d) groups. Underlay for the images is the fractional anisotropy of each specimen from the sham group overlaid onto each other. Figure 7 . Percent volume of significant differences in the brainstem and internal capsule was calculated for the mild, moderate, and severe groups based on measurements of mean diffusivity (MD) (a). Significant differences (P < 0.05) in voxels occurred when the MD for the selected injury group was different from the control group. Percent of volume that is attributed to either the internal capsule or the pyramidal tracts was determined by normalizing to the entire volume of the region of interest (b). Percent volume of significant difference in MD for the internal capsule and pyramid locations increased with severity. There is less staining in the white matter as the severity of injury increased which is more evident in the pyramid location in the brainstem. 
